L   E
The Origin of Metazoa and the Egg: a Role for Cell Death Unicellular organisms were doing very well some 700 million years ago. So why did the eukaryotes give rise to multicellular organisms? What was the selective advantage to being multicellular? How did this multicellular organization originate and, whatever the answer, how did it give rise to the germ line, the egg and so to embryonic development? What is the selective advantage of development from a single cell, the egg?
Here we focus on these problems, having already argued that eukaryotic cells needed to invent little new for the development of multicellular organisms (Wolpert, 1990) . They already had, for example, a cell cycle in which there was temporal control of gene activity as well as the capability to exert forces for movement and changes in cell shape.
There has been little attention given to the mechanisms involved in the origin of multicellular animals. There has been some discussion as to whether there are separate roots for the Porifera (Sponges) and other metazoa (Slavini-Plawen, 1978) . However, it is generally accepted that sponges evolved from colonies of Choanoflagellata. Moreover the uniflagellar cells found are similar to those found in other primitive metazoa. There is no compelling reason to assume a diphyletic origin even though the post-metamorphosal body architecture is so different. Theories which suggest an origin by aggregation would lead to polyclonal assemblies where gene conflicts are bound to arise; compartmentalization of a large polynuclear cell seems most implausible. The slime moulds which develop by aggregation of individual cells diverged very early from plants and animals.
We propose a scenario for the origin of the metazoa along the following lines. A mutation in a protozoan resulted in the failure of the cells to separate following cell division. In addition, a cytoplasmic bridge may have persisted. A colony could develop by the repeated binary division of the constituent cells. Such a mutation could thus lead to the formation of colonies which were loose aggregates. These colonies could fragment when large and so provide a means of reproduction. But what was the selective advantage?
It could have been increase in size, which could have provided protection against predatory cells, but much more likely is what may have happened when conditions became unfavourable. When food was in short supply there would have been insufficient resources for the individual cells to grow and multiply, and death was imminent. Now the virtues of multicellularity become evident. Some cells gave up their lives for others. That is they were ''eaten'' by their neighbours. One possibility is that because of the cytoplasmic bridges between the cells metabolites could move from one cell to its neighbour. Another possibility is that as some cells died their remains were taken up, phagocytosed, by adjacent cells. This last scenario has the advantage that it requires nothing new in terms of cell physiology. Thus some cells survived the poor conditions, which would not have been possible if they had remained as individual single cells. This then is the central idea in our proposal for the origin of the germ line: that privileged survivors emerged, which could then give rise again to a multicellular colony.
While a colony of independently reproducing cells could have been successful, mutations in all the individual lineages would have occurred and accumulated. This would have had two severe disadvantages. The first would have been at the level of how cells interacted in the colony. The cells would acquire different genetic constitutions and this would have led to competition rather than cooperation between the lineages. Secondly it would have been difficult for the colonies to loose deleterious mutations or mutations in general, including those reverting to a unicellular state. The solution to these problems lay in the evolution of the egg: if the various colonies arose from a few germ-like cells with low mutation rate, then the competition and the mutation problems would both disappear.
Initially the cell deaths that occurred would have probably been random. But it may well have been that those cells on the outside of the aggregate were more exposed, and thus more likely to die. Indeed the outer cells could have provided a protective barrier for the inner cells. It is not too difficult to imagine a series of mutations which would have given the inner cells an advantage with respect to eating their neighbours so that in hard times the outer cells died. An amplification mechanism might have operated as follows. Assume a mutation that initiates a protogerm line, i.e. it separates cells, early during colony life, in two lineages, one with slightly better chances of contributing to the next generation because it ''feeds'' rather more often on its neighbours than the opposite. Because separation occurs early, the proto-germ cells would accumulate few mutations. Most mutations, including reversions to the undifferentiated state, would occur in the proto-somatic lines but hence would contribute relatively less to the offspring, hence a net ''flow'' of mutations towards more and more separation of germ and soma. To summarise, the evolution of the egg required that just a few cells grew at the expense of the others, and the cells at the centre of the colony would have a different environment pre-disposing them to do just that: grow by eating their neighbours when necessary.
The earliest eggs could thus have been cannibalistic. These primitive egg cells would have matured at the expense of their neighbours and then divided to give rise to a new colony. The basis for embryonic development from an egg would have been laid. Further elaboration of such a system has been discussed elsewhere (Wolpert, 1994) .
There are a number of examples from four invertebrate phyla that provide strong support for cell death providing nutrition for adjacent cells. It is striking that in sponges oocyte growth involves incorporation of nutrients from other cells. And in many cases the nutrient cells (trophocytes or nurse cells) are phagocytosed by the growing oocyte. In hydra, (Bosch & David, 1984) , the cell cycle of epithelial cells is relatively insensitive to feeding regimes, in marked contrast to the growth of the epithelial cell population. Epithelial cells in starved animals are produced in excess such that about 20% die each day. These authors found evidence for phagocytosis of the dead cells and concluded that it might be a survival mechanism to ''sustain itself temporarily at the expense of some of its own cells''.
A similar situation seems to pertain in planaria. When planaria are starved they get smaller but the proportion of the different cell types remains constant (Romero & Baguna, 1988) . In the case of Polycelis tenuis, Bowen et al. (1976) observed cell death during starvation and they suggested that this could be part of the organism's cell economy, whereby the products of the dead cells are reutilized.
Among the polychaete annelids there are some marine species that undergo ''catastrophic metamorphosis'' in which they invest all their reproductive potential in a single spawning event and then become moribund (Fischer et al., 1996) . This process involves the production of a large amount of yolk for the eggs. A key yolk protein, vitellogenin, is made by special cells, the eleocytes. In their transfer of maternal biomass to oocytes, they phagocytose fragmenting muscle cells. The destruction of maternal tissue to increase egg biomass also occurs in other semelparous organisms, like lamprey and certain salmon species.
The scenario we suggest for the origin of the development of multicellular organisms is rather different from that based on the supposed advantage division of labour could provide once organisms were multicellular. This has been widely claimed to be a crucial step in the evolution of multicellular organisms, though the benefit has never been established. Bell & Koufopanou (1991) , for example, suggest that the unexpectedly high rates of increase shown by colonial algae are made possible by the division of labour between somatic and germ cells. For example, if the somatic cells are a source and the germ cells a sink, then there is the possibility that end product inhibition which may act as a negative feedback mechanism for resources could be reduced. The germ cells could ''lock up'' such resources. It has also been suggested that the division between germ and soma may be related to the inability of cells to divide while flagellated, which assumes the original cell was a flagellate.
Various physiological adaptations exist in modern multicellular organisms (even in those thought to have remained close to the original form). But at the origin of multicellularity, it is not easy to see how they were already present. Our proposal has the advantage of requiring no special adaptation at all: cell death and phagocytocis are the only requirements. While division of labour could be advantageous, it cannot account for the initial advantages of multicellularity. 
